In this paper, we report that the ETH 1001 micro- 
. We demonstrate herein that the ETH 1001 calciumselective electrode is actually more selective for TPP / . Calcium microelectrodes utilizing Simon's ''Ca 2/ -se-This is an important observation for groups attempting lective'' neutral carrier ETH 1001 (9) are commercially to make concomitant calcium and membrane potential available and have been successfully used in the mea-recordings using electrode techniques. We argue that surement of both extra-and intracellular calcium (1, ETH 1001 microelectrodes can be used as commercially 2, 7). The ETH 1001 ionophore and cocktail, available available TPP / electrodes, replacing time-consuming from Chemika, have been shown to be highly selective and toxic in-lab ion-exchange electrode fabrication (10 Transitions were delivered to the chamber with an automatic pipetter. The voltage response to Ca 2/ (l) or TPP / (᭺) was monitored with a commerMitochondria were isolated from male Sprague-cially available ETH 1001 ''calcium-selective'' microelectrode conDawley rat livers using a standard isolation protocol nected to a high-impedance pH meter. Plots are representative of (6). Mitochondria were placed in the experimental three different decade response curves. buffer at a final mitochondrial protein concentration of 0.7 mg/ml. TPP / (10 mM) was added for membrane potential recordings. ] ú 10 07 M. The Nernstian slope, Transitions in mitochondrial respiratory states were S, was found to be 56.9 mV/decade, which is close to the elicited by the addition of inorganic phosphate (P i ), theoretical 59 mV/decade. In contrast, the ETH 1001 adenosine diphosphate (ADP), and respiratory sub-electrode is only weakly responsive at calcium concenstrates such as the glutamate/malate combination (11). trations below 10 05 M and linear (R Å 0.997) above All chemicals were purchased from Sigma (St. Louis, 10 05 M. The calcium response is consistent with the MO) and stock solutions were prepared in water and manufacturer's specification for the electrode. the pH adjusted to 7.2. Oxygen consumption was monitored with a Clark-type electrode.
Selectivity of the ETH 1001 Microelectrode
We were interested in quantitating the selectivity RESULTS coefficient of the microelectrode for TPP / over Ca 2/ . We have used two different ''methods'' for determining The purpose of this study was to determine if ETH the selectivity coefficient. The first, known as the ''sepa-1001 microelectrodes can be applied to the measurerate solution'' method, is based on the Nicolsky Eisenment of TPP / . The response of the electrode to varying man (12) equation: concentrations of CaCl 2 and TPPCl was studied, and using two different methods, the selectivity coefficient,
z A /z B ), k TPPCa , was computed. The electrode was then used to monitor the mitochondrial membrane potential during respiratory-state transitions.
where E is the potential measured with an electrode selective for ion A and E 0 is the constant potential. RT/z A F is the Nernstian factor (slope), z A and z B are Sensitivity of the ETH 1001 Microelectrode the valences of ions A and B, respectively, and a A and a B are the activities of ion A and the interfering ion B. The microelectrode was attached to our incubation chamber containing 3 ml of the experimental buffer. k AB is the selectivity coefficient of the electrode for ion A over ion B. The Nicolsky Eisenman equation is reVarying amounts of CaCl 2 and TPPCl were added to the chamber using an automated micropipetter. The arranged and modified to yield the separate solution equation (3), given by response times to Ca 2/ and to TPP / were comparable.
where E TPP and E Ca are the potentials measured in experimental solutions with activities a TPP or a Ca , respectively, and S is the Nernstian factor for TPP / . The ''matched potential'' method defines the selectivity coefficient as the ratio of primary ion to the interfering ion concentration which gives the same potential change in a reference solution (12).
By using the activities (concentrations) and voltages in Fig. 1 , we found, using the separate solution method, that log k TPPCa varied between 03.0 and 05.3. The matched potential method yielded a log k TPPCa of 03.0 at an E 0 E 0 of 50 mV.
Respiratory-State Transition Traces
The ETH 1001 microelectrode was used to measure extramitochondrial calcium and tetraphenylphosphonium during respiratory-state transitions. Figure 2A depicts an experiment in which oxygen and calcium levels are monitored using the Clark-type and ETH 1001 electrodes, respectively, and shows that addition of either 500 nmol ADP or 30 mmol substrate (glutamate / malate) leads to calcium uptake by the mitochondria. To verify that this is indeed a calcium trace, 5-nmol CaCl 2 calibration pulses were injected at the end of the experiment. Note that this entire experiment was performed in the absence of TPP / . Figure 2B shows the same experiment performed in the presence of 10 mM TPP / . The ETH 1001 electrode now selectively tracks TPP / distribution. Addition of 500 nmol ADP leads to rapid consumption of O 2 (state III respiration) and dissipation of membrane potential, while addition of 30 mmol substrate dramatically increases membrane potential (indicating an energized respiratory state IV). Figure 2C is the same experimental trace using a conventional ion-exchange TPP / -sen-FIG. 2. Calcium and membrane potential traces during ADP-P isitive electrode, confirming that the membrane poten-driven respiratory state transitions. 0.7 mg/ml mitochondria and 15 tial can be accurately tracked with the ETH 1001 mmol K 2 HPO 4 were added to 3 ml of the experimental buffer in the temperature-jacketed chamber described in the legend to Fig. 1. 10 electrode.
mM TPPCl was added to the chamber for membrane potential traces
The calcium signal seen in Fig. 2A could not be de- (B, C) . Oxygen saturation levels were monitored with a Clark-type tected when the experiment was performed in the pres-electrode. 500 nmol ADP, 30 mmol glutamate/malate (G/M), and 5 ence of 0.5 mM EDTA (data not shown). However, the nmol CaCl 2 additions are indicated by arrows. (A) An ETH 1001 membrane potential trace (Fig. 2B) cient determinations, we found that these electrodes are 1000 to 200,000 times more selective for TPP
